INTRODUCTION
Most organic carbon in the sea is found as dissolved organic carbon (Siegenthaler & Sarmiento 1993) , and the degradation and transfer of this dissolved organic carbon to higher trophic levels is mediated by heterotrophic bacteria and protists (Azam et al. 1983) . Heterotrophic bacteria transform the dissolved organic carbon into biomass by anabolic processes and, while a large fraction (> 50%) of this dissolved organic carbon is recycled back to the ecosystem as CO 2 through respiration processes (Ducklow et al. 1986 ), bacteria accumulate some of it as biomass. Subsequently, bacteria may be lysed by viruses (Fuhrman 1999) or preyed upon by phagotrophic protists (nano-and microplankton). All of these complex trophic interactions involving pelagic microbes are collectively known as the microbial food web (Azam et al. 1983 , Sherr & Sherr 1988 ABSTRACT: Prokaryotes and protists are important players in the carbon biogeochemistry of marine ecosystems, and temperature is one of the physical factors most influential in the metabolism and composition of plankton communities. Small changes in temperature can change the flow of carbon and the community structure of planktonic ecosystems, and climatological models predict a rise in temperature of 2 to 5°C toward the end of the century in the NW Mediterranean. Laboratory culture experiments have shown that warming can increase the transfer of carbon between bacteria and protists and alter the community composition of microbial top predators (i.e. ciliates and dinoflagellates) by increasing the abundance of bacterivores and producing the extinction of herbivores. Here, we tested whether a small rise in temperature would produce these effects in the coastal Mediterranean. Between March 2003 and February 2004, we established 12 microcosm experiments with water from the Bay of Blanes. The samples were incubated for 48 h at ambient and warmer temperatures (~2.7°C higher than in situ values), and the net and gross growth rates of bacteria and heterotrophic nanoflagellates (HNF) were measured using unfiltered and 0.8 µm filtered treatments. Warming increased the rates of bacterial gross production and bacterial losses to grazing with a clear seasonality; the largest increments in the rates were observed during the cooler months of the year. Warming did not change the net growth rates of dinoflagellates. It decreased the net production of HNF and the net growth rates of ciliates but did not promote the extinction of herbivorous protists. Temperature changed the microbial food web function in NW Mediterranean waters, with small alterations in the community composition of microbial top predators.
Oligotrophic planktonic ecosystems are responsible for nearly 22% of net primary production in the oceans (Field et al. 1998) . Their carbon biomass is dominated by planktonic microbes (Gasol et al. 1997) , and > 40% of their secondary bacterial production is consumed by protists (Vázquez-Domínguez et al. 2005) . In these ecosystems, nano flagellates are often top-down controlled by microzooplankton, such as ciliates and dinoflagellates (Hansen 1991 , Verity 1991 , which are more important than mesozooplankton as consumers of the lower trophic levels (Calbet & Landry 2004) . In oligotrophic conditions, the growth efficiencies of heterotrophic bacteria and protists are < 30% (Straile 1997 , del Giorgio & Cole 1998 , and only a small amount of the primary production of such ecosystems reaches the higher trophic levels. Thus, to understand the carbon cycling of oligotrophic marine ecosystems, we need to understand the transfer of carbon between bacteria, nanoflagellates and the microbial top predators (i.e. ciliates and dinoflagellates).
Sea surface temperatures in the Bay of Blanes (NW Mediterranean) can vary by ~10°C over the usual annual seasonal cycle (Alonso-Sáez et al. 2008) , and additional sources of variability may change the sea surface temperature of coastal ecosystems by several degrees Celsius in shorter periods of time, such as during extreme heat waves or in the vicinity of the thermal effluents of power stations (Choi et al. 2002) . In addition, global sea surface temperatures have been increasing at rates near 0.01°C yr −1 since the 1860s (Levitus et al. 2000 , Vargas-Yañez et al. 2005 , Mackenzie & Schiedek 2007 , and some climatic models predict an increase in atmospheric temperatures ranging between 2.5 and 5°C in the Mediterranean region by the end of the century (Christensen et al. 2007 ). All of these temperature changes may affect the function and the structure of marine ecosystems (Edwards & Richardson 2004 , Wiltshire et al. 2008 , Li et al. 2009 ), and thus they may influence the transfer of carbon within, and community composition of, the microbial food web.
Production (P) and respiration (R) are metabolic processes affected by temperature (Brown 2004) ; its effect on P and R rates has been shown in both heterotrophic bacteria (Shiah & Ducklow 1994 , Morán et al. 2006 , Vázquez-Domínguez et al. 2007 ) and protists (Rose et al. 2008 (Rose et al. , 2009 . Temperature can also decrease the ratio between primary production and bacterial secondary production (Hoppe et al. 2008) , as was observed in mesocosms deployed in Kiel Fjord, where warming increased the recycling of dissolved organic matter (Wohlers et al. 2009 ). Thus, small changes in temperature can modify the growth efficiencies (GE) of microorganisms (GE = P/ [P + R]) and the amount of microbial production that can reach higher trophic levels. Some studies on the effect of temperature on the GE of heterotrophic bacteria show contrasting results: positive (Wohlers et al. 2009 ), negative (Rivkin & Legendre 2001) or a lack of effect (Vázquez-Domínguez et al. 2007 , Rose et al. 2008 . However, there are few studies inspecting the effects of temperature on the transfer of carbon between heterotrophic bacteria and protists, at least in natural microbial communities. Those available show a positive effect of temperature on bacterial grazing rates (Marrasé et al. 1992 , Rose & Caron 2007 , Rose et al. 2009 ).
Temperature may also influence the microplankton community structure of marine ecosystems. In a short time (4 mo), warming produced changes in the species succession and the diversity of the ciliate community in mesocosms deployed in Kiel Bight (Baltic Sea), with an increase in Strombidium and Strobilidium species (Aberle et al. 2007) . Similarly, warming increased the abundance of ciliates and decreased the development time of copepods in mesocosms deployed in the Thau Lagoon (Vidussi et al. 2011) . Over longer periods of time (within the last 100 yr), warmer sea surface temperatures changed the community composition of the Ceratium genus in Villefranche Bay due to the disappearance of some stenotherm species (Tunin-Ley et al. 2009 ). Laboratory experiments have shown that a small increase in temperature per generation time (0.1 to 0.2°C) may increase the risk of extinction of herbivorous protists, and microbial communities may become dominated by bacterivores (Petchey et al. 1999) . Thus, there is a general consensus that temperature may influence microbial community structure and that this influence may be particularly important for the micro plankton top predators (i.e. ciliates and dinoflagellates).
Different approaches can be used to study the effect of warming on the function and community structure of microorganisms in aquatic systems, but perturbation experiments remain one of the most powerful tools (Boyd et al. 2010) . Most studies have been performed either with 'model' laboratory communities under nutrient replete conditions or with microbial communities inside mesocosms filled with eutrophic waters. However, much less is known about the effect of warming on the microbial food webs of oligotrophic ecosystems , Sarmento et al. 2010 ). Aiming to increase our knowledge, 12 microcosm experiments were established during 1 yr in the Bay of Blanes (NW Mediterranean), a well-characterized coastal oligotrophic ecosystem (e.g. Alonso-Sáez et al. 2008) . The experiments were designed to determine whether temperature (1) affects the growth rates and transfer of carbon among heterotrophic bacteria, nanoflagellates and microzooplankton and (2) produces changes in the community structure of the larger phagotrophic protists (i.e. dinoflagellates and ciliates).
MATERIALS AND METHODS

Experimental set-up
Experiments were established monthly in 2003 and 2004 with water from the Blanes Bay Microbial Observatory (41°39' N, 2°48' E), NW Mediterranean. The in situ water temperature was measured with a calibrated mercury thermometer. Samples of 50 l were collected from ~0.5 n miles offshore, and they were immediately pre-screened with a 200 µm Nylon net to remove mesozooplankton. Even though this procedure filtered out adult copepods, some nauplii remained in the samples. Upon transportation to the laboratory (~1 h), one half of the water (25 l) was left in the dark free from disturbance, and the other half was immediately filtered through a 0.8 µm filter (47 mm AAWP filter, Millipore) with a peristaltic pump (1.6 MM-WT head, Watson-Marlow). Filtration was performed at low speed (~100 rpm) to avoid high pressure and the destruction of protists in the samples. Filtration took between 4 to 5 h and retained nearly 50% of heterotrophic bacteria and 99% of eukaryotes and cyanobacteria. The 0.8 µm fraction was treated as a 'control' without predators and was used to estimate the net growth rates of bacteria and the grazing rates of heterotrophic protists on the bacterioplankton community (see section 'Heterotrophic bacteria'). Aliquots of 8 l of each fraction (< 0.8 µm and < 200 µm) were distributed into 8 acid-clean polyethylene containers, with 2 l per container. Two containers with water of each fraction were placed inside each of 2 isothermal walk-in chambers. One chamber was set at in situ seawater temperature ('ambient' chamber), and the other was set at temperatures that were on average 2.7°C above in situ values ('warmer' chamber). The temperatures inside the chambers were checked several times during the incubations by measuring the temperature in the samples with a precision digital thermometer (± 0.1°C). As the present study focused on heterotrophic microorganisms, the chambers were maintained under dark conditions. Experiments lasted for 48 h, after which we measured the variables described below.
Heterotrophic bacteria
The abundance of heterotrophic bacteria was determined from each sample at Time 0 and from the replicated polyethylene containers at 24 and 48 h. Samples of 1.2 ml were preserved with 1% paraformaldehyde and 0.05% glutaraldehyde (final concentration), frozen in liquid nitrogen and stored at −20°C. Before analysis, the samples were thawed and stained for 10 to 15 min with 2.5 µM of Syto13 (final concentration). The samples were run through a flow cytometer (FACSCalibur, Becton-Dickinson), at ~12 µl min −1 and until >100 000 events were acquired in log mode. In each sample, yellow-green latex beads were added (0.92 µm, Polysciences) as internal standards. Bacteria were detected by their signature in a plot of side scatter vs. green fluorescence (del Giorgio et al. 1996) , and concentration in the samples was obtained by weighing the initial and final volume of sample at the start and the end of each run. Average fluorescence of the bacterial population, normalized to that of the beads, was converted to bacterial size (Gasol & del Giorgio 2000) , and bacterial sizes were converted to cellular biomass by using the carbon to volume relationship: pg C cell −1 = 0.12 (µm 3 cell −1 ) 0.7 (Norland 1993 ). Bacterial growth rates (μ) were estimated from the increase in bacterial biomass in each treatment for 2 periods of time (0 to 24 and 0 to 48 h) assuming an exponential model: μ = ln(N/N 0 )T, where T is the length of incubation in days, N 0 is bacterial abundance at the start of incubation, and N is bacterial abundance at the end of incubation. Gross growth rate was measured in the 0.8 µm fraction (μ 0.8 ), and the net growth rate was measured in the 200 µm fraction (μ 200 ).
Rates of bacterial production (BP) were estimated as the product between growth rate obtained in the 2 periods of time (0 to 24 and 0 to 48 h) and initial biomass (BM 0 ) in the samples (BP = μ × BM 0 ).
Loss rates of heterotrophic bacteria due to predation by protists (g) were estimated for 2 periods of time (0 to 24 and 0 to 48 h) as the difference between gross growth rate and net growth rate (g = μ 0.8 − μ 200 ) assuming that the < 0.8 µm fraction had no predators. Bacterial biomass lost to grazers (G) was estimated from the loss rates of heterotrophic bacteria and the initial biomass in the samples as G = g × BM 0 .
Heterotrophic nanoflagellates
The abundance of heterotrophic nanoflagellates was determined from each sample at Time 0 and from the replicated polyethylene containers at 24 and 48 h. Between 20 to 40 ml of preserved samples (glutaraldehyde, 1% final concentration) were stained with 4'-6-diamidino-2-phenylindole (Porter & Feig 1980) at 5 µg ml −1 (final concentration) as described by Sieracki et al. (1985) . Nanoflagellates were collected onto 0.6 µm black polycarbonate filters and observed by epifluorescence microscopy under ultraviolet excitation (Olympus BX40, 1000×). Heterotrophic nanoflagellates presented a bright blue fluorescence, while autotrophic nanoflagellates had a red-orange fluorescence. At least 20 random fields or 30 cells were counted in each filter. Colorless nanoflagellates were assumed to be heterotrophic and pigmented flagellates to be autotrophic. Net growth rates of heterotrophic nanoflagellates were estimated with an exponential model: μ = 1/T × ln(N/N 0 ). The cellular volume of heterotrophic nano flagellates was estimated by measuring the axes of each cell with a micrometer eyepiece and assuming ellipsoidal or spherical geometry. From these volumes, the carbon content per heterotrophic nanoflagellate was obtained as pg C cell −1 = 0.22 × cell volume in µm 3 (Børs heim & Bratbak 1987) . Biomass was estimated as the product of abundance and average carbon content per cell, and production as the product of net growth rate and initial biomass.
Microplankton top predators
Ciliates and dinoflagellates were determined at Time 0 and 48 h. Samples were preserved with acidic Lugol's solution (2% final concentration), and ciliates and dinoflagellates were examined in 100 ml samples that were settled for 48 h before enumeration. Ciliates and dinoflagellates were counted using an inverted microscope (Nikon) at 200× or 400× magnification. A single sample was counted in the case of the in situ population, while 2 replicates (1 per sample at each temperature) were counted in the ambient and warmer conditions. At least half of the sedimentation chamber was counted for dino flagellates, as small dinoflagellates were very abundant, while for ciliates the entire chamber was screened. Ciliates were identified to genus following Lynn & Small (2002) . Taxa included some genera considered to be heterotrophs and several mixo trophs. Ciliates were grouped into Protostomatea (Balanion sp, Tiarina sp. and Urotrichia sp.), Oligo trichia (Halteria sp., Strombidium sp., Laboea sp. and Tontonia sp.), Choreotrichia, both naked (Strobilidium sp. and Strombidinopsis sp.) and loricated (tintinnids), Haptoria (Mesodinium sp. and Askenasia sp.), Hypotrichia (Euplotes sp.), and, when we were unable to determine the genera, as 'unknown ciliates'. Major and minor axes of ciliates and dinoflagellates were measured with a calibrated image analysis system, a television screen and a digital camera (Marlin, Allied Vision Technologies) attached to the inverted microscope. Cellular volume was estimated by classical geometry. The average ciliate cell volume for each group was converted to carbon equivalents by using the experimentally derived factor for marine oligotrichs, 0.2 pg C µm −3 (Stoe cker et al. 1994) , and tintinnids, 0.053 pg C µm −3 (Verity & Langdon 1984) . Dinoflagellates were di vided into 4 different categories: Ceratium sp., Gymnodinium sp., Prorocentrum sp. that are > 20 µm of length, and 'small dinoflagellates' that have a conspicuous cingulum and are between 10 and 15 µm of length. The 3 former groups showed the characteristic features of these genera, common in NW Mediterranean waters (Gómez 2003) , and their average cell volume was converted to carbon equivalents by using the carbon to volume relationship of pg C cell −1 = 0.76 × dino flagellate cellular volume 0.819 (Menden-Deuer & Lessard 2000) . The smallest dinoflagellates were assumed to have a diameter of 5 µm and thus a biomass of 128 pg C cell −1 . Growth rates of ciliates and dinoflagellates were estimated as described for heterotrophic nano flagellates. Unfortunately, the volume of dinoflagellates was only measured during May, June, July, and September.
The taxonomic richness of microplankton top predators, including small dinoflagellates, was estimated as the total number of taxa present in the samples. The diversity of microplankton top predators was calculated in 2 different ways (Danovaro et al. 2004) : (1) (Alatalo 1981) . Such indices were chosen over other diversity indices because the Margalef index is easy to estimate (Marrugan 2004) , the Shannon index is often used in aquatic ecosystem studies (e.g. Danovaro et al. 2004 , Aberle et al. 2007 , and the modified Hills number is one of the better indexes to estimate evenness when the species diversity in the samples is low (Alatalo 1981) .
Data analyses comparing ambient and warmer conditions were performed by establishing monthly averages of each variable and each treatment and by comparing the values at these conditions with paired t-tests. Finally, Q 10 values were estimated as (variable in the warmer conditions/variable at ambient conditions) 10/(warm−ambient temperature) (Sherr & Sherr 1996) , and the errors were estimated by standard propagation of errors. March 2003 and February 2004 , the water temperature in the Bay of Blanes varied between 12.5°C in February and 25°C in July, which offers a relatively large temperature shift (Fig. 1A) . Inside the isothermal chambers, the average temperature varied between 12.8 and 25°C in the chamber at ambient temperature and be tween 15.5 and 27.5°C in the warmer chamber. The average (±1 SE) difference between both chambers was 2.7 ± 0.3°C. There were no significant differences between temperatures in situ and those inside the ambient chamber (paired t-test, n = 12, p > 0.1), while there were differences between in situ temperatures and those inside the warmer chamber (paired t-test, n = 12, p < 0.01).
RESULTS
Between
Microorganisms in the Bay of Blanes
The abundance of heterotrophic bacteria at the start of the incubation varied between 4.8 × 10 5 cells ml −1 in June and 1.47 × 10 6 cells ml −1 in December (Fig. 1B , Table 1 ). The average single-cell biomass of bacteria varied between 10.1 fg C cell −1 in September and 14.3 fg C cell −1 in July; thus, the total bacterial biomass varied between 6.7 µg C l −1 in October and 16.7 µg C l −1 in December. The abundance of heterotrophic nanoflagellates oscillated between 1.5 × 10 3 cells ml −1 in November and 4.4 × 10 3 cells ml −1 in May (Fig. 1B, Table 1 ), and the cellular biomass of heterotrophic nanoflagellates varied between 1.4 × 10 3 fg C cell −1 in March and 3.1 × 10 3 fg C cell −1 in October; thus, the total biomass of heterotrophic nanoflagellates varied between 2.4 µg C l −1 in March and 10.7 µg C l −1 in May. The abundance of ciliates varied between 0.2 × 10 3 cells l −1 in March and 3.5 × 10 3 cells l −1 in December, and they were especially abundant in winter (Fig. 1B, Table 1 ). The average cellular biomass of ciliates varied be tween 23.2 pg C cell −1 for Balanion sp. and 1.8 × 10 3 pg C cell −1 for tintinnids. Thus, the total biomass of ciliates varied between < 0.1 µg C l −1 in April and 1.4 µg C l −1 in December. The abundance of dinoflagellates varied between 0.2 × 10 2 cells l −1 in April and 15.3 × 10 3 cells l −1 in August, and they were particularly abundant in summer and autumn (Fig. 1B, Table 1 ). The average cellular biomass of dinoflagellates varied between 128 pg C cell −1 for the smallest dinoflagellates and 6.5 × 10 3 pg C cell −1 for Ceratium sp. Thus, the total biomass of dinoflagellates varied between < 0.1 µg C l −1 in April and 3.3 µg C l −1 in August. (Fig. 2B) . Thus, the loss rates of heterotrophic bacteria varied between −0.1 ± 0.2 d −1 in April and 0.6 ± 0.2 d −1 in July (Fig. 2C) , with negative loss rates related to higher bacterial growth rates in the presence of protists (i.e. μ 200 > μ 0.8 ). The maximum differences between the gross growth rates in the warmer and ambient temperatures (Fig. 2D) were found in winter, when temperatures in situ were the lowest of the year, and such differences decreased in summer, when temperatures in situ where the highest. How- ever, the seasonality of the gross growth rates was not observed on the bacterial net growth rates and, thus, when predators were present (Fig. 2E) . Conversely, the bacterial losses to grazers showed the same seasonality as the bacterial gross growth rates, with maximum values reached in winter and negative values in summer (Fig. 2F ).
In the absence of predators (< 0.8 µm), the warmer conditions produced a significant increase in bacterial biomass (20%), gross growth rates (25%), and bacterial gross production rates (25%), with Q 10 values between 1.9 and 2.8 (Table 2) . When predators were present (< 200 µm), the warmer conditions did not produce significant changes in the average bacterial biomass, the net growth rates, and the bacterial net production rates (Table 2 ). However, warming produced an increase of ca. 40 to 50% in the average loss rate of heterotrophic bacteria and the bacterial biomass lost to grazers, with corresponding Q 10 values close to 3.5 (Table 2) .
Microbial top predators
During the incubation at ambient temperature, the net growth rates of heterotrophic nanoflagellates varied between −0.5 ± 0. in February and a maximum of 0.7 d −1 in December (Fig. 3A-C) . Decreases in the growth rates of heterotrophic nanoflagellates in the spring were coincident with sharp increases in the growth rates of ciliates and dinoflagellates, which may be indicative of a tight coupling between the heterotrophic nanoflagellates and their top predators. Warming did not significantly affect the growth rates of hetero trophic nano flagellates (Fig. 3D, Table 2 ); it triggered decreases in growth rates of ciliates (Fig. 3E, Table 2 ), and had a complex effect on the growth rates of dinoflagellates, with an increase in some months and a decrease or a lack of effect in others (Fig. 3F ). In the warmer conditions, the total biomass and net production of heterotrophic nanoflagellates decreased by 24 and 55%, respectively (Table 2 ), a pattern driven by the lower cell volume of heterotrophic nanoflagellates that decreased from 11.5 to 7.6 µm 3 (paired ttest, p < 0.01).
In a closer inspection of the different groups of microbial top predators, the most abundant groups in situ were the small dinoflagellates and Strombidium sp. (Fig. 4A) . After incubation in the ambient conditions, there was a decrease in Strombidium sp., Mesodinium sp., Strombidium conicum, and Halteria sp., while in the warmer conditions, there was a decrease in Strombidium sp., Mesodinium sp., Strombidium conicum, Strombidium acutum, Laboea sp., Balanion sp., Halteria sp., and unknown ciliates (Fig. 4A) . Small dinoflagellates and Ceratium sp. increased in abundance in the ambient and warmer conditions, Prorocentrum sp. decreased in abundance in the ambient and warmer conditions, and Gymnodinium sp. decreased in abundance in the warmer conditions (Fig. 4A) . Differences between protist abundances in the ambient and warmer conditions indicate that warming produced a general decrease in the abundance of ciliates and dinoflagellates (Fig. 4B) . Overall, ciliates decreased more in the warmer conditions, and dinoflagellates tended to increase less in the warmer conditions (Fig. 4C) .
Diversity of the microbial top predators
The taxonomic richness of the Bay of Blanes microplankton top predators ranged between 10 taxa in summer (e.g. July) and 17 taxa in winter (e.g. December and January), with ciliate richness varying between 6 taxa in summer and 13 taxa in winter. The Margalef index of diversity varied between 2.4 in July and 6.0 in March (Fig. 5A) , the Shannon index of diversity of microplankton top predators varied in situ between 1.0 in September and 2.0 in May (Fig. 5B) , and the evenness of the samples (measured by the modified Hill's number) varied between 0.4 in August and 0.8 in March (Fig. 5C ). The average Margalef index of diversity in situ, 4 ± 0.3, decreased significantly (ANOVA, F = 19.4, n = 36, p < 0.001) during the incubations to similar values at ambient, 2.3 ± 0.2, and warmer conditions, 2.3 ± 0.1, and there were no significant differences between Margalef indexes at the ambient and warmer conditions ( Fig. 5D ; paired t-test, p > 0.1, n = 12). This decrease was not observed in the Shannon index of diversity nor in the evenness measured by the modified Hill's number related to the incubation of the samples. In addition, the average Shannon index of diversity of the microplankton top predators was 1.4 ± 0.1 at ambient temperature and 1.3 ± 0.2 in the warmer conditions, and there were no significant differences between temperatures ( Fig. 5D ; paired t-test, p > 0.1, n = 12). Finally, the same happened with the evenness of the samples, and the average value at ambient temperature, 0.5 ± 0.1, was not significantly different from that observed in the warmer conditions, 0.5 ± 0.2 (Fig. 5D , paired t-test, p > 0.1, n = 12). 
DISCUSSION
Methodological considerations
The initial concentration and metabolic rates of microorganisms were within the usual range found in the Bay of Blanes (cf. Alonso-Sáez et al. 2008 , Vaqué et al. 1997 . In this ecosystem, the heterotrophic bacteria are mainly removed by heterotrophic and mixotrophic nanoflagellates (Unrein et al. 2007 ) and by viruses (Boras et al. 2009 ). However, as the bacterial mortality rates were estimated by the difference between the bacterial growth rates measured in the 0.8 and 200 µm fractions, the bacterial losses related to viruses were considered in both fractions. In addition, plastidic nanoflagellates (including the mixotrophic ones) decreased exponentially under dark conditions (details not shown), and thus most bacterial losses were caused by heterotrophic protists. In this sense, differential filtration is one of the methods used to estimate bacterial losses to predation, and there are alternative methods, such as the dilution technique (Landry & Hassett 1982) or the fluorescent tracer method (Sherr et al. 1987 , Vázquez-Domínguez et al. 1999 . However, even if the method can influence the absolute bacterial losses to grazing (Vaqué et al. 1994) , the use of one particular method does not influence the comparison between treatments. Something similar happens with the bacteria lost at the start of the incubation during filtration through 0.8 µm filters, which (1) may produce an underestimation of the losses to grazing if the growth rates were influenced by the initial concentration of bacteria, but (2) does not influence the differences between treatments. Euplotes sp.
Halteria sp.
Balanion sp.
Askenasia sp.
Tontonia sp.
Unknown ciliate
Laboea sp.
Strombidium acutum
Tintinnids
Strombidium conicum
Mesodinium sp.
Strobilidium sp.
Strombidium sp.
Ceratium sp.
Gymnodinium sp.
Prorocentrum sp.
Small dinoflagellates
Abundance in situ (cells l Euplotes sp.
Unknown ciliate
Strombidium acutum
Tintinnids
Strombidium conicum
Strombidium sp.
Gymnodinium sp.
Small dinoflagellates *
In situ Ambient Warmer In the present study, the increment of temperature (near 2.7°C) was accomplished after few hours of incubation (<12 h), and such a large change is not usual under natural conditions. However, in the Bay of Blanes, differences >1°C within day-night periods are common (Ruíz-González et al. 2012) , and a warming of 4°C has been observed during short periods of time in the vicinity of the thermal effluents of power stations in coastal ecosystems (Choi et al. 2002) . Thus, the warming produced in our incubations could be found under certain natural conditions. Richness, diversity, and evenness of the microbial top predators are underestimated compared to the values measurable with molecular tools (Caron et al. 2012) , but the combination of the acidic Lugol fixation and the Utermöhl technique is an accepted protocol to study changes in morphospecies within microplankton assemblages (i.e. Aberle et al. 2007 ). Thus, rather than the absolute magnitude of change, the present study is focused on the influence of the warming conditions on the relative changes of the growth and consumption rates of microorganisms and on the community composition of microbial top predators.
Function and seasonality of heterotrophic microplankton
In the Bay of Blanes, experimental warming produced an increase in biomass and gross production rates of heterotrophic bacteria. The increases in gross production rates (~25%) were close to those measured in the same samples through (Wohlers et al. 2009 ). The loss rates of heterotrophic bacteria to grazing increased with warming by nearly 50%, results that agree with the increase in bacterial production and grazing rates with warming in Antarctic waters ). However, in the latter study, warming produced larger responses in the bacterial production rates compared to the bacterial losses to grazing, which could be related to the fact that the growth rates of bacterivorous protists were likely to be constrained at very low temperatures (Rose & Caron 2007) . Recently, a metadata analysis of several aquatic ecosystems has also shown that warmer conditions lead to smaller increases in bacterial growth rates compared to the bacterial losses to grazing (Sarmento et al. 2010 ). Thus, we should expect that a small increase in temperature would lead to an increment in the top-down control of bacterial abundance. Conversely, if the Q 10 for the bacterial growth rates is higher than for the loss rates, bacteria would outcompete their predators and would not be controlled by grazing. If warming increases either the bacterial production rates or the bacterial losses to grazing, there would be an increase in the return of CO 2 to the ecosystem through respiration processes. Warming produced an effect on bacterial gross growth rates, with a clear seasonality. In winter, when the experimentally increased temperature in the warmer conditions was >15% over the in situ values, the increases in bacterial gross growth rates were more relevant than in summer, when the experimentally increased temperature rises were <10% above the in situ values. One of the factors that can modulate the response of bacterial production to warming is the availability of resources (Shiah & Ducklow 1994 ). In the Bay of Blanes, bacterial carbon demand (bacterial production and bacterial respiration) during winter is lower than total primary production (Alonso-Sáez et al. 2008) , and thus an increase in temperature may lead to an increase in bacterial production that can be fueled by primary producers. This would not happen in summer, when bacterial carbon demand is much higher than primary production (Alonso-Sáez et al. 2008) . Something similar has been observed in Chesapeake Bay, where temperature regulates bacterial production rates below 20°C, and nutrients are more important when in situ temperatures are above this threshold (Shiah & Ducklow 1994) .
Bacterial losses to grazing also presented a clear seasonality, with higher increases in winter and lower in summer. This seasonality could be related to both a higher influence of temperature on the grazing rates of protists when temperatures are below 18°C (Vaqué et al. 1994) or an enhancement of bacterivorous protists growth rates with temperature (Rose & Caron 2007) . Conversely, heterotrophic protists would not be able to increase their grazing rates to the point that temperature alone would allow during summer, as their growth rates would be limited by prey growth.
The increases in the losses to grazing with warming were not transformed into an increase in the abundance, biomass, or net production of heterotrophic nanoflagellates. Thus, heterotrophic nanoflagellates were probably ingesting a larger amount of bacteria under warmer conditions, but they reached a smaller biomass toward the end of the incubations. This could be related to (1) higher protist respiration (e.g. Rivkin & Legendre 2001) , (2) a negative effect of temperature on protist cell size (Atkinson et al. 2003 , Montagnes et al. 2008 , and/or (3) a higher predation rate by ciliates and dinoflagellates on the larger heterotrophic nanoflagellates. The warmer conditions had a significant negative effect on the size of heterotrophic nanoflagellates, and the same happened with the growth rates of ciliates. If warming increased the grazing rates on heterotrophic nanoflagellates by ciliates or dinoflagellates, this could quickly be translated into copepod nauplii by an efficient trophic cascade. This finding is in contrast to that observed in the Thau Lagoon (Vidussi et al. 2011) , where ciliates showed a rapid response to warming related to both a greater abundance of their potential prey (i.e. heterotrophic nanoflagellates) and scarcity of their potential predators (i.e. copepods).
There are inherent difficulties in modeling the flow of carbon among different components of the microbial food web by Q 10 functions. Warming produced different effects on different groups of microbial top predators: the small dinoflagellates and Ceratium sp. developed slightly better under warmer conditions than those in situ, while there was a negative effect of warming on ciliates. Such results could be related to both the positive effect of temperature on the growth rates and the nonlinear interactions between temperature and food concentration. When food is in excess, the production rates of ciliates can increase linearly with temperature (Weisse et al. 2002) . However, the maximum growth rates of Urotricha fracta may increase with warming, while their cellular volume may decrease, thus leading to maximum biomasses at intermediate temperatures (Montagnes et al. 2008) . Then, the negative effect of temperature on ciliate net growth rates could be related to different factors: a lower biomass of their prey (Montagnes et al. 2008 ), a higher predation by the copepod nauplii present in the samples (Huntley & Lopez 1992) , or lower protist growth efficiency with warming (Rivkin & Legendre 2001) . Similarly, temperature has a positive effect on the net growth rate of dinoflagellates (Baek et al. 2008; Nagasoe et al. 2006) , which may explain the positive effect of warming on the abundance of small dinoflagellates and Ceratium sp.
Changes in the community composition of the microplankton top predators
Our experiment was perhaps too short to detect changes in microbial community structure, but the bacterial community structure of a lake was seen to change in 24 h incubations (Gattuso et al. 2002) , and the diversity of tintinnids in the Chesapeake Bay changed significantly during the same period of time (Dolan & Gallegos 2001) . Dinoflagellate and ciliate growth rates are on the order of 1 or 2 duplications per day (Hansen et al. 1997) , and microplankton could have had ~4 duplications within the time frame of our experiments. Thus, unless equal for all species, the functional changes induced by warming should be detectable and assigned to a change in the diversity of the microplankton top predators.
After 48 h incubation, the abundance of dinoflagellates increased and that of ciliates decreased independently of the incubation temperature. However, the increase in dinoflagellates was smaller and the decrease in ciliates was larger in the warmer conditions. Such findings are in accordance with those found in the Ligurian Sea (NW Mediterranean), where dinoflagellates increased their abundance over other groups of protists when variations in the North Atlantic oscillation increased the temperature and decreased the inorganic nutrient concentrations of surface waters (Gómez & Gorsky 2003) . In addition, the change in the abundance of ciliates and dinoflagellates did not drive any significant change in the diversity or the evenness of the microplankton top predators. This is similar to what was observed recently in Kiel Bight, where warming changed the succession of different ciliate taxa without significant changes in diversity (Aberle et al. 2007) . However, it is in contrast with the extinction of microplanktonic herbivores under warmer conditions reported from laboratory experiments (Petchey et al. 1999 ). In the Bay of Blanes, warming had a more pronounced negative effect on the bacterivorous Strobilidium sp. than on larger herbivorous ciliates, such as Strombidium sp., tintinnids or Tontonia sp. The difference between the present study and that of Petchey et al. (1999) could be related to the different approaches used. In the laboratory-based approach, the intention was to study the evolution of the same community of microorganisms subjected to a gradual and constant change in temperature. Thus, the total increase in temperature (+14°C) was produced by small weekly increments (+ 2°C), corresponding to 50 to 100 protist generations. However, the approach of the present study is to focus upon the increments of temperature that microplankton communities could experience in the field within short periods of high warming and the immediate changes of metabolism that the same microbial communities subjected to different environmental conditions can present.
Temperature affected the transfer of carbon in the analyzed ecosystem without large changes in the diversity of the microbial top predators, which suggests a certain degree of diversity resilience to warming, as has been observed for phytoplankton species in the North Sea (Wiltshire et al. 2008) . In this sense, depending on the timescale of interest, there could be different responses of the micro plankton to the temperature stresses to which they are exposed. Over short periods of high warming, the same community could function differently depending on the temperature of the ecosystem. However, if the change is gradual and over long periods of time (i.e. decades or centuries), there could be changes in the species composition of the micro plankton through species evolutionary adaptation and/or by substitution with non-indigenous species.
Variations in the microbial food web related to warming
An experimental warming of 6°C in mesocosms deployed in the Baltic Sea produced a 3-fold increase in bacterial production and respiration rates while inducing a negative effect on primary production (Hoppe et al. 2008) . Thus, warming reduced the total amount of inorganic carbon fixed by the primary producers and increased the amount of CO 2 returned to the system (Wohlers et al. 2009 ). In contrast, warmer conditions in mesotrophic NW Mediterranean waters led to an increase in the abundance of protozooplankton and a decrease in the development time of copepods, but most of the CO 2 produced was consumed by phytoplankton primary production (Vidussi et al. 2011) . In the Bay of Blanes, in the absence of light, there was a positive effect of temperature on bacterial production and losses to predation. Since bacterial growth efficiencies measured in the same samples were not significantly different between the ambient and warmer conditions (Vázquez-Domín guez et al. 2007) , the amount of initial dissolved organic carbon consumed by heterotrophic bacteria that could end up as heterotrophic nanoflagellate biomass was higher. However, warming produced a mismatch between successive trophic levels (e.g. Edwards & Richardson 2004) , as temperature led to positive effects on bacterial secondary production and bacterial losses to grazing, while heterotrophic nano flagellates and ciliates reduced their production. This finding is counter-intuitive because of the known general positive effect of temperature on the growth rates of protists (Rose & Caron 2007 , Rose et al. 2009 ). However, it is plausible if the growth efficiencies of protists decrease with temperature (Rivkin & Legendre 2001) and/or if the in creases in protist growth rates related to warming are tightly top-down controlled by the copepod nauplii present in the samples (Vidussi et al. 2011) , which, furthermore, could have enhanced their metabolic rates by the positive effect of temperature on their metabolism (Huntley & Lopez 1992 , Weisse et al. 2002 , Montagnes et al. 2008 . Thus, warmer conditions led to higher production rates in the lower trophic levels that were not transformed into enhanced biomass of the higher predators, a pattern that agrees with an increase in the amount of CO 2 returned to the system through the microbial food web (Wohlers et al. 2009 ) and with an increase in the top-down control of protists by copepods (Vidussi et al. 2011) .
In the warmer conditions, ciliate growth rates and biomass decreased, and dinoflagellate growth rates did not change. Thus, given this scenario, the biomass of the microplankton community in the Bay of Blanes would decrease, but the differential effect of temperature on dinoflagellates and ciliates would select for the former. Other studies in the North Sea (Edwards & Richardson 2004 ) and the Mediterranean Sea (Gómez & Gorsky 2003) have also shown that dinoflagellates may be positively influenced by warmer conditions.
CONCLUSION
Warming changed the function of the microbial food web in the Bay of Blanes by increasing the rates of bacterial secondary production and the bacterial carbon flux to predators. However, warming produced small variations in the community composition and in the microbial top predators. 
